Factors involved in the phagocytosis and entry into polymorphonuclear leukocytes (PMNs) of Rickettsia tsutsugamushi were studied by electron microscopy. R. tsutsugamushi propagated in baby hamster kidney cell cultures was incubated with guinea pig peritoneal PMNs in vitro at 35°C. Structurally intact and degenerating rickettsiae were found in phagosomes, but only intact rickettsiae escaped phagosomes and specifically entered the glycogen-rich cytoplasm. The extraphagosomal cytoplasmic rickettsiae were found within 30 min after incubation; continued incubation for 4 h increased the rickettsial entry about fourfold as seen in ultrathin sections. Most rickettsiae in phagosomes were degenerating after 4 h of incubation. When incubated at 25°C, no entry and very few phagocytized rickettsiae were observed. At 40°C, rickettsial entry was greatly reduced, but more rickettsiae were found in phagosomes than at 35°C. Preincubation of rickettsiae at 56°C for 20 min with trypsin or with 2,4-dinitrophenol inhibited entry, but many rickettsiae were in phagosomes. Glutaraldehyde or formaldehyde fixation of rickettsiae and addition of 2-deoxyglucose, iodoacetamide, cytochalasin B, colchicine, or vinblastine inhibited all rickettsial uptake by PMNs. Acid phosphatase cytochemistry of infected PMNs revealed the enzyme activity only in phagosomes with degenerated rickettsiae and not in those with intact rickettsiae. These observations indicated that rickettsiae are passively phagocytized by PMNs, and only those that are intact actively escape from phagosomes, which selectively inhibits lysosomal fusion.
Rickettsiae are obligate intracellular parasites and propagate directly within the cytoplasm of host cells. During in vivo and in vitro rickettsial infections, a small number of degenerating rickettsiae are routinely found in the vacuoles along with a great majority of intact intracytoplasmic rickettsiae. This leads to a conception that rickettsiae within vacuoles are destined to die. Polymorphonuclear leukocytes (PMNs) have been known to respond to the typhus group of rickettsiae by chemotaxis (22) , phagocytosis, and opsonization of uptake by antibodies (3, 14, 16, 24, 25) . However, it has not been clear whether the rickettsiae taken up by PMNs were killed within PMNs. It has been reported that nonimmune macrophages do not destroy the typhus group of rickettsiae and that rickettsiae freely multiply within macrophages (1, 9 susceptible strain. Furthermore, induction of nonspecific inflammation rendered resistant mice susceptible to rickettsial infection (12) .
Earlier we studied the process of rickettsial entry into PMNs by electron microscopy (17, 18) , since it is difficult to differentiate phagosome-retained rickettsiae (still extracellular) from the intracytoplasmic rickettsiae, which are directly located in the cytoplasm, by other methods. Electron microscopy also enabled us to differentiate morphologically intact rickettsiae from degenerating rickettsiae. Results of our previous ultrastructural study (17) had revealed rapid release of intact R. tsutsugamushi from the phagosomes after their uptake by PMNs, which suggested that PMNs can serve as prompt host cells to support the infection. The release of R. mooseri and R. tsutsugamushi from phagosomes into cytoplasm was also observed by electron microscopy in cultured macrophages (1) and mesothelial cells (6) 2 h and subsequently fixed in 2% glutaraldehyde in PBS at 4°C for 20 min. After three washes in 0.85% NaCl, the modified Gomori mixture was added and incubated at room temperature for 30 min. The reaction mixture contained 13.9 mM ,-glycerophosphate (Sigma) and 3.6 mM lead nitrate in 50 mM acetate buffer (pH 5.0). It is important to readjust the pH to 5.0 with HCl after dissolving 3-glycerophosphate in acetate buffer as described by De Jong et al. (5) . This modification gave a more sensitive and reproducible localization of the reaction product than the original Gomori method (10).
Measurement of rickettsial entry. The specimens were fixed in a mixture of 1.2% formaldehyde-2.5% glutaraldehyde-0.03% trinitrocresol, further fixed with 1% osmium tetroxide in 1.5% ferrocyanide, and then treated with uranyl acetate and embedded in lowviscosity Epon mixture of 1,2,7,8-diepoxyoctane and nonenyl succinic anhydride as previously described (17) . More than 20 thin sections were cut from various parts of the sample blocks for each experiment (a total of about 200 blocks) and examined by electron microscopy. Since the thickness of sections changes the absolute number of rickettsiae, only sections of silver interference color (70 to 80 nm thick) were used for the measurement of the number of rickettsiae. About 2,000 negatives were taken for this experiment. The number of rickettsiae were counted with differential counters in 100 sectioned profiles of PMNs that had nuclei directly under the electron microscope or on the picture. The results of the direct counting are shown, since in the picture taking process there is a tendency to select the areas. These intracellular rickettsiae were classified according to whether they were intact or degenerated and whether they were in phagosomes or free within the PMN cytoplasm. It is important to use low-viscosity Epon mixture to differentiate intact arid degenerating rickettsiae clearly, since the conventional Epon has poorer penetration into intracellular rickettsiae, which distorts their ultrastructure. As previously reported (18) , intact rickettsiae have a smooth contour and homogeneous cytoplasm, and the outer and inner membranes are tightly bound. Degenerating rickettsiae have an irregular contour, empty-looking cytoplasm, an outer membrane detached from the inner membrane, and clumped ribosomes (see Fig. 1 ).
Inexperienced persons tended to record smaller absolute numbers for both intact and degenerated rickettsiae when they counted according to this criteria blindly, because they overlooked some tangential sections of rickettsiae. a The values shown are averages. The significance levels of differences among the observations at four different incubation times are less than 1% by the null hypothesis, assuming the standard deviations are 30%.
b Rickettsiae surrounded in discontinuous membranes were classified as in phagosomes.
RESULTS Time course of rickettsial phagocytosis and release into cytoplasm. At 4 to 5 days after inoculation, rickettsiae in most of our cultures continued to increase in number, and both BHK-21 cells and rickettsiae were intact. At 6 to 8 days after inoculation, infected BHK-21 cells became disrupted and liberated large numbers of extracellular rickettsiae. The infected BHK-21 cells that were recovered as a pellet by centrifugation at 500 x g for 3 min at this stage contained more than 80% structurally intact rickettsiae, and at least half of them were extracellular. Extracellular rickettsiae recovered from this supernatant by centrifugation at 5,000 x g for 10 min were much less intact. Since rickettsiae recovered by low-speed centrifugation had a much higher capacity to enter and propagate in BHK-21 cells than those recovered at higher speed, the former rickettsial source was used for most of the experiments, without further purification.
Rickettsiae and PMNs were incubated at 35°C in rubella medium and fixed at various intervals for electron microscopic examination. After 30 min of incubation, 114 + 20 (standard deviation of seven independent experiments with different batches of PMNs and rickettsiae) rickettsiae were found in 100 sections of PMNs. The actual number of rickettsiae is more than 10 times the number obtained in thin section electron micrographs. The intracellular rickettsiae were almost equally divided between cytoplasm and phagosomes. About half of the phagosomal rickettsiae were intact ( Table 1 ). The number of intracellular rickettsiae and the percentage of PMNs containing rickettsiae increased with continued incubation (Table 1) . During the entire period of sampling, even after 4 Fig. 1) .
A few rickettsiae in PMNs surrounded by fragments of membranes were seen throughout the incubation times. These partially enclosed rickettsiae were usually located near the border of the glycogen-rich and filamentous regions of the cytoplasm ( Fig. 2A and B) . Our earlier study with membrane-bound tracers suggests that these discontinuous membranes are phagosomal membranes (18) .
Effect of incubation temperature. Rickettsiae from infected BHK-21 cells and PMNs were incubated at 25 and 40°C for 30 min. At 250C, the uptake of rickettsiae by PMNs was almost absent (Table 2) . At 40°C, only 25% of the sectioned profiles of PMNs contained rickettsiae. Most of these rickettsiae were confined in phagosomes and most were degenerated (Table  2) . Thus, rickettsial release from phagosomes was more heat sensitive than phagocytosis. At 40°C, some rickettsial outer membranes were very close to phagosomal membranes (Fig. 3) .
Effects of heat treatment, chemical fixation, and trypsinization. Extracellular rickettsiae harvested from culture medium were used for this study to allow equal treatment of the rickettsiae. With this preparation, the incidence of phagocytosis and the release and intactness of rickettsiae were about 25% that of rickettsiae recovered with BHK-21 cells, although they were still very infective and pathogenic to fresh BHK-21 cell cultures, yolk sacs, mice, and rabbits.
Incubation of the isolated rickettsiae at 56°C for 20 min caused severe disintegration of rickettsiae. When these rickettsiae were incubated with PMNs at 35°C, they were phagocytized in clusters in loose phagosomes (Fig. 4) .
Rickettsiae fixed in 2% glutaraldehyde or 2% formaldehyde were seldom phagocytized by PMNs. The fixed rickettsiae retained their initial structural integrity during the incubation. Trypsin treatment of rickettsiae also caused disintegration of rickettsiae, but to a lesser degree than the heat treatment. These rickettsiae were phagocytized singly or as small clusters, and about 5% escaped from the phagosome. Effects of various compounds. When an inhibitor of the glycolytic pathway, 5 x 10-4 M monoiodoacetamide or 10-3 M 2-deoxyglucose, was added to the incubation mixture, rickettsial uptake was completely inhibited. When 5 x 10-4 M 2,4-dinitrophenol, an uncoupler of oxidative phosphorylation, was added, the rickettsial uptake was the same as for controls, but the release of rickettsiae from phagosomes was completely inhibited (Table 3) . When 2 x 10-5 M cytochalasin B (which inhibits microfilamentinvolved cell function), 5 x 10-4 M colchicine (which disassembles microtubules), or vinblastine (which paracrystallizes microtubules), was added, the rickettsial uptake was completely inhibited.
Acid phosphatase cytochemistry. Infected PMNs were reacted for acid phosphatase cytochemistry after glutaraldehyde fixation. Reaction products were consistently observed as a needle-like or amorphous electron-dense precipitates along the inside surface of phagosomal membranes (Fig. 5) . Primary lysosomes were reaction negative as noted by Farquar et al. (7) . When the number of rickettsiae in reactionnegative and -positive phagosomes was counted, most intact rickettsiae were in reaction-negative phagosomes, and most degenerating rickettsiae were in reaction-positive phagosomes (Table 4) . There were similar tendencies in the distribution of intact and degenerated rickettsiae in reactionpositive and -negative phagosomes after both 30-min and 2-h incubations of rickettsiae with PMNs (Table 4) . Although after incubation for the histochemical reaction the morphology of intact rickettsiae appeared to be changed, they could be differentiated from the rickettsiae degenerated before histochemical reaction by their specific way of phagocytosis-that is, single rickettsia in a tight phagosome without any debris (17) .
DISCUSSION
The present study demonstrated that rickettsiae were intact at least 4 h after they were released into the glycogen-rich cytoplasm of PMNs. Although some figures of binary fission were seen, most seemed to be phagocytized in the middle of the fission. It is not clear whether   FIG. 4 . Electron micrograph of R. tsutsugamushi incubated at 56°C for 20 min and allowed to be phagocytized by PMNs (X10,030) . Many partially disrupted rickettsiae are present in phagosomes, and none are found free in the cytoplasm. they can initiate replication in the PMNs. Rickettsial invasion or penetration into PMNs occurred in two steps: phagocytosis and the subsequent release from the phagosomes. The phagocytosis is passive and the release from the phagosomes is an active process of the rickettsiae, which requires rickettsial metabolic activity. Rickettsial uptake by PMNs resembles normal phagocytosis by requiring a specific temperature and metabolic energy, as well as the involvement of microfilaments and microtubles. The rickettsiae need not be viable to induce phagocytosis, since rickettsiae treated at 56°C for 20 min and rickettsiae treated with 2,4-dinitrophenol were readily phagocytized. In our study, 2%
formaldehyde-or 2% glutaraldehyde-fixed R. tsutsugamushi were not phagocytized by guinea pig PMNs, whereas, in another study (23) , the typhus group of rickettsiae fixed in 0.1% Formalin were readily phagocytized by mouse and human PMNs and macrophages. However, the apparent difference seems to be due most likely to the methods of observation. An average of a few organisms per cell under light microscopy (23) is hardly ever found by our ultrathin section method and would be classified as negative. It is not known whether there are differences due to rickettsial species, Formalin concentration, culture medium or other factors. Since it is technically impossible to obtain a more viable R. tsutsugamushi preparation, we used about 80% morphologically intact rickettsiae. It is possible that most of the phagosome-retained rickettsiae were already nonviable before interaction with PMNs. Actual viability of our rickettsial preparation may have been lower than 80%, since metabolically inactive rickettsiae, such as 2,4-dinitrophenol-treated rickettsiae, still maintained intact morphology for a short period of time. If 100% viable rickettsiae were used, 100% of them may escape.
Lysosomal fusion with intact rickettsia-containing phagosomes does not take place as judged by the absence of acid phosphatase reactv~. "The values shown are the average of two experiments. The significance level of the difference between 30 and 120 min is more than 20% by the chi-square test. More than 100 rickettsiae in phagosomes were counted whether they were intact or degenerating and whether their phagosomes were reaction positive or negative by electron microscopy. tion products and by the absence of electrondense tracers preloaded in PMNs before incubation with rickettsiae (18) . Intact rickettsiacontaining phagosomes did not fuse with each other, since a single rickettsia was always present in one phagosome. Therefore, it seems that rickettsiae can remain viable and intact in the phagosomes, and breakage of the phagosomal membrane by rickettsial release does not have detrimental effects on the PMNs. The selective lack of lysosomal fusion has been observed in phagosomes containing other intracellular microorganisms such as Myohba(terium tniber-(uloSis (2), EncephalitoZoon spp. (21), Toroplasmtia gotidii (13) , and ChlImndia spp. (8) , all of which multiplied within the phagosomes. However, since phagocytized rickettsiae either escaped or were destroyed within phagosomes, they did not proliferate there. The escape of microorganisms from phagosomes has been observed in intracellular parasites such as Tn'-panosoma cruizi (15 
